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Amideuteron-nucleus absorptive cross sections for intermediate to high energies are ca l cu l a t ed us- 
ing an ion-ion optical model. Good agreement with experiment (within IS percent) is obtained in 
this same model for p-nudeus cross sections at laboratory energies up to 13 GeV. We describe « 
technique for estimating antinudecs-nudeus er as sections from NR data and suggest that further 
cosmic ray studies to search for antideuteruns and other antinudei be undertaken. 


The search for antimatter in the form of cosmic ray an- 
tinudei is an intriguing and speculative endeavor. Cer- 
tainly, with present experimental capabilities, producing 
particles heavier than antiprotons in the laboratory is dif- 
ficult at best. Indeed, the question as to whether or not 
one should even search for antinuclei in cosmic rays has 
ton addressed from several different perspectives. One 
point of view, 1 for examp'e, argues (hat theoretical abun- 
dances, estimated from empirical observations, of antinu- 
clei with Z £ 3 are negligible. Although the extreme rari- 
ty of antinudei events may reflect nonconservation of 
haryon number in our universe, the purpose of this paper 
is not to address these issues but, rather, to provide a cal- 
culational procedure for determining whether or not an 
antinucleus has interacted with a nucleus. To do this we 
calculate anrinucleus-nucleus total and absorptive cross 
sections utilizing an optical potential model 2,2 of nucleus- 
nucleus scattering as described below. Numerical results 
for d nucleus are presented to illustrate the predictions. 
Since experimental data for antinuclear nucleus collisions 
are nonexistent, predictions for p-nucleus cross scctior.s 
are made, compared to aval able experimental da* and 
arc found to be in gcod agreement (within 13 percent/. 
Comprehensive tabulations of the predicted antinucleu.- 
nudeus cross sections are published elsewhere. 4 

For the scattering of composite nuclei, a general 
multiple-scattering theory (neglecting three-body interac- 
tions) has been developed by Wilson.* The series reduces 
to the usual Watson form when the projectile is elementa- 
ry. Through the use of the impulse and closure approxi- 
mations, a simple, folded, optical model potential wjs de- 
rived 2 as 

Wz)=A,A r f dhpriz) 

X f d'yppix +v+z)7le,y) , (1) 

where j is the NN kinetic energy in the c.m. frame, y is 
the NN relative separation, p T and p f are the target and 
projectile number density distributions normalized to uni- 


ty, Tfcjd is the energy-dependent constituent-averaged 
two-nucleon transition amplitude obtained from scattering 
experiments, and Ay and A T are the projectile and target 
atomic numbers, respectivdy. With no renormalization jr 
parameter adjustments, this optical potential has been pre- 
viously used in a Wentzd-Kramers-Brillouin (WKB) for- 
mulation to obtain excdlent agreement with experimental 
elastic scattering differential, reaction, and total cress sec- 
tion data at energies lower than 23 MeV/nuckon.* More 
often, however, this optical potential approximation is 
used within the context of an cikonal formalism to predict 
nucleon -nucleus, deuteron-nudeus, and nucleus absorb rive 
(inelastic) cross sections to within 3% for energies higher 
than 80 MeV/partide and to within 10% for lower ener- 
gies. 2 * 2,7 From eikoital scattering theory, the absorption 
(reaction) cross section is 

2>r J o " |l-expl-2IinYU»)l| , 'db . (2) 

where the complex phase function is (with Ii= 1 ) 

AT(*)=— (2 kr'f m V(b,z)dz , (3) 

* -• 

with k the projectile momentum wave number and b 
denoting the impact parameter. The reduced potential is 
then obtained from the optical potential as 

lHx)=2mAyA T iAy+A T )~ l W(x) , (4) 

where m is the nucleon mass. With : n the eikona! context, 
this model is similar to the comparable, but alternative, 
Glauber iheory formalism which has beer, extensively 
developed by Franco and collaborators.* Aside from the 
improved convergence to the exact multiple-scattering 
series by the Wilson approximation* (due to difTer<*nces in 
higher order terms), the Wilson propagator 2 also includes 
target recoil and terms to ordet kL 
In order to apply Eqs. (1)— {4) to antinuclcus-nudcus 
collisions, several assumptions, other than the applicabili- 
ty of the underlying composite-particle multiple-scattering 
formalism, are necessary. First, we assume that the num- 
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her density distribution for an antinuclens is i d entical to 
that of its "normaF nudess co unt erpart. Hence, aside 
from the overall sign of the charge distribution, the an- 
tinucki charge d i stribution parameters and functional 
forms are assumed to be identical to those of the corre- 
sponding nudesr species. We then extract the numb e r 
densities p A from the corresponding charge densities pc 
obtained from dectran scattering experiments, by assum- 
ing that 

pt<r)= /, *<'■>„ rWV . (5) 

where the mtdeon charge distributkm is t ak en to be the 


p^r)=(?/2»rii , ' 7 expC-3r 1 /2ri l |. (6) 


with a nackor rw mean-sqnare charge radius set equal 
to the protou value* or 0 l* 7 fnt. 

For elementary proj ecti les . subsutoitou of ( 6 ) into (5) 
yields a deha function far p A . For nu lei or ant i n udci 
with A <20 we use aa harmonic osc ill a to r form fb^ts 


pc<r)^pt 




expi-rVa 1 ) . 


(7) 


where the charge distribution pa ramet ers j and a are bat- 
ed in Table I. Inserting ( 6 ) and (7) into (5) yields 


^{r)=(^ , /«r , ICl+C3r/2)-C3r« 2 /*s I l 

+(r«V/16s < )lexp(-r I /4» 1 ). (« 


where 

s , =(« 2 /4)-(rJ ( /6) . C9» 

For aedri or antinudri with A £ 20 we choos e a WootH- 
Saxoa form 


TABLE L Nudesr charge dnt ri butror p a ra m eters from dec- 


traa scancriag data. 


Kmfcm 

Dotribtioa* 

r ihw) 
or t (fmXWS) 

a (HW) 
ar it (fmXWS) 

*H 

HW 

0 

1.71 

*He 

HW 

0 

1.33 

’Li 

HW 

0l327 

1.77 

*Be 

HW 

0.611 

1.791 


HW 

axil 

1.69 

,J e 

HW 

1-247 

1.649 

M N 

HW 

1.291 

1.729 

“O . 

HW 

1.544 

1.133 

"Ne 

WS 

2.SI7 

2.74 

"A! 

WS 

2.504 

3j05 

"Ar 

WS 

2.693 

3.47 

**Fe 

WS 

2.611 

3.971 

**Cu 

WS 

2.504 

4.20 

"Be 

WS 

2.306 

4.a04 

•"A* 

WS 

2.354 

5.139 

,M 3a 

WS 

2.621 

5.61 S 

*"Pb 

WS 

2.416 

6.624 


'The lumccic wdl (h .Lstributioa is used for A <20 rod 


the Wood»-Sa on (WS) dnlnbutioo for A ? 20. 


Pc=Pol 1 +exp((r-/t )/c]| 1 , (1« 

where Jt is the half-density radius, and the surface dif- 
fuseness c is related to the charge skin th i ckness 4 
through 

t r = 4 . 4 ' . ( 11 ) 

Values for it and t r are also listed in Tabic I. Inse r ting 
( 6 ) and <10* into (5) yields, after some simplification . 1 a 
number density p A that is of the Woods-Saaon form with 
the same it, but different overall normalization p% and 
surface thickness. The latter is given (in fm) by 

^J=3.OCr N iln((30-l)X[3-/»]^ , , (12) 


0=tM1.5Ar H /t c } . (13) 

In all cases the densities are normalized to unity. 

For the aat in n d eo n au de ou (NN) transition amplitude. 
7. ire assume a farm 


JlejF)= 


1/1 

~ rJrl(alf)+iK2rWr)l" M 


XexpC-/*/2B(e)l. (14) 

which is obtained by taking the Fourier transfonn_of the 
usual unclear amplitude. 1 * In Eq. (14) <r M is the NN total 
cross section, crie) is the renl-to-imaginary ratio of the for- 
ward amplitude, and Ble) is the NN slope parameter. 
With this choice for the *wobody amplitude we effective- 
ly treat antiun.~leas nucleus scattering as a purely comple- 
mentary system to nucleus nucleus scattering. Values for 
r M ate param etrized in terms at the incident pa r t icle 
■ om entu m Pby 

o — =(61.2 mb) +(53.4 mbGeV/e)/P 

— P(mbGeV/c) . (15) 

which is c modification at the expressior given in Ash- 
ford rr of . 11 to extend the cross sections to IS GeV. 
Values for the slope parameter, displayed in Fig. 1. were 
taken from the Paris NN potential 12 and from Block and 
Cahn . 11 Values of the parameter a are nor presented for 
these results since only the imaginary pan of the transi- 
tion amplitude is used to calculate absorption cross sec- 
’iora. Details of the values used for the total cross section 
estimates are found in Ref. 4. 

Predictions for p-nuckus and d-nuclcus absorption 
cross sections are displayed in Figs. 2—4. Also plotted in 
Figs. 2 and 3, for comparison, are data from various ex- 
perimental measurements . 14-1 4 Clearly the agreement be- 
tween theory and experiment is good since the maximum 
cross section difference for any of these results is less than 
15 percent. Typical differences between theory and exper- 
iment are 5 percent. Figure 4 displays predicted d-nuclcus 
absorptive cross sections for the range from 50 
MrV/nudcon to 15 GeV/nudeon. These are provided in 
the event that techniques for producing antideutcrons in 
the laboratory may become available in the future. Simi- 
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may also contribute to tbe usefulness of this collision 
mood. Indeed a primary cosmic antitriton event was re- 
ported a*, the 18th International Cosmic Ray Confer- 


up to Fe-Pb are tabulated in Ref. 4. For all collision 
pairs, tbe cro ss se c ti on s , as in Fig- 4, are smooth c ur v es 
displaying no complicated structure. For optical roodd 
calculations, however, this is not entirely unexpected since 
it merely reflects the averaging nature of the calculation 
and tbe smooth fractional d epen d en cies of tLe input NN 


FIG. 2. Theoretical p- nucleus absorption cross sections as a 
function of incident kinetic energy. Experimental values were 
obtained from Refs. 14—16. 


FIG. 3. Theoretical p-Pb absorption crass sections as a func- 
tion of incident kinetic energy. Experimental values arc taken 
from Refs. IS and 16. 
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FIG. A Theoretical predictions for d-Mdm abaorpervr crass 
sections as • function of mridett kinetic onp. 


We have abo per formed an analysts to investigate the 
iwiiiiiUji of oar predictions to the magnitude of the dope 
parameter. This was doae by recalculating aatiproton- 
aad Ft arnicas crass scctioas for the cases where the NN 
slope parameters are tritea ia a rather md hoc fashion as 
2JK*) awl *(e)/I These slope paraaieter ranges are 
displ a yed ia Fig. 3 along with the Brookhaecn measure- 
ments." As anticipated, are found that cotlisiaas involv- 
ing light Badri me far more sensitive to chang e s m the 
slope parameter than collision s involving heavy nuclei, 
especially at lower energies. For instance, with an as- 
sumed slope parameter of 25, we Had that at 100 
MeV/andeon. increases by 21% for p-C (629 mb vs $20 
mb},_bat oa!y by 10% for p-Pb (2528 mb vs 2303 mb). 
For Fe-Pb at 100 McV/nuckoa. the increase is 6% (5886 
mb vs 5542 raid. At IS Gcv/aadeoa, the i ncreas es for 
these same collision pain are 13%. 7%, and 4%, respec- 
tively. If the slope parameter is halved (to 0.5 Bi. we Had 
that a* for the isme three collision pain decreases by 
13%. 6%, Md 4% at 100 MeV/audcon. and by 9%. 4%. 
and 3% at IS GeV/nndcon. Clearly these absorption 
crass sections are not very sensitive to large changes in the 
slope parameter. 

la summary, we have employed a simple optical model 1 
from nodens-auckus scattering theory to intermediate en- 
ergy antinaricus-nadeas collisions. The only new inputs 
required to complete the calculations are the experimental 
NN elastic scattering parameters (total crass section, elas- 
tic slope parameters, and real -to- imaginary ratio of the 
forward scattering amplitudes). For the energy range con- 
sidered herein tiOQ McV/nodeon to 15 GcV/nudeon), the 
akonal formalism is certainly adequate. Although these 
methods could be extended to even lower energies. 7 other 
more suitable methods'* air currently being implemented 
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FIG. 5. Range of NN dope parameters need ia the crass sec- 
tion mainty studies. The experimental vaiaes are taken from 
Bnukbra acagwaaut SRef. 1 1). 

elsewhere. We have included charge exchaagejmly as it b 
included in the determination of the Paris NN slope pa- 
rameters. We have not considered pioa propagation ef- 
fects in the target nucleus, two-body correlation functions, 
and have ignored possibly important ^pin and isosptn ex- 
citations of the target. 1 * Nevertheless, we find that the 
model gives rather good agreement with available 
p-eudem dataju intermediate energies and expect that 
the predicted d-nedcus absorption cross sect ions are 
reasonably accurate (certainly within IS percent). While 
are realise that the product ion of enough antideutcrons in 
the laboratory (LEAR for example) to produce a beam is 
in the distant future, the production of such a beam could 
open up new areas of research since, for example, high 
temperatures in nuclear matter, may be achievable 20 with 
antideutcrons of momentum greater than 2 GeV/c. For 
now. cosmic ray studies appear to offer the best 
for detecting and studying d and antinuclei interactions 
such as the reported xntitriton event- 17 
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